Based on Darcy's equation, permeability was measured for the flow of molten metal through solid network in order to evaluate slurry fluidity in semi-solid casting process. An experimental apparatus is constructed to control the morphology of globular and dendrite structure for varied fraction of solid and applied pressure. Semi-solid AC4CH alloys with 7 mass% silicon content have been squeezed by argon gas at pressure of 0.50 MPa to force liquid phase through a filter. The fraction of solid is varied from 0 to as high as 0.55. Filtrate weight ratio and gauge pressure are shown to reach to each constant value with pressurizing time of 20 s. At low fraction of solid, permeability depends strongly upon solid morphology, i.e. dendrite structure yields the lower permeability due to large friction factor. Liquid movement through solid phase network prevails under the formation of cake layer on the filter surface with most fractions of solid and with the fraction more than 0.33 for the dendritic and globular structure of the slurry, respectively. For the globular structure, on the other hand, liquid motion in the filter becomes important for fraction of solid less than 0.33.
Introduction
Interdendritic fluid flow during solidification has been investigated since thirty years ago. Apelian et al. 1) measured specific permeability using Darcy's equation for a molten aluminum through porous media. They indicated that a flow through the porous dendritic networks obeyed Darcy's law, and the equations were derived from the capillaric flow model for the liquid volume fraction less than 0.35. Takahashi et al. 2) made an artificial hole in the solid-liquid coexisting zone in order to measure fluidity of the interdendritic liquid as an effective permeability. The results on Al-2.4 mass% Si alloys indicated that the permeability depends on the dendrite morphology. Poirier and Ganesan 3) used a permeameter for Al-Cu alloys. They treated the mushy zone as a porous medium, in which the interdendritic liquid moves in the solid network, and found out that permeability of globular structures was approximately one order of magnitude greater than that for dendritic-globular structures. Poirer and Ocansey 4) selected Pb-Sn alloys for permeability test. They found out that there was reasonable agreement among the permeability for dendrite, dendrite-globular, and globular microstructure, nevertheless some solid flowed with liquid in their experiment. Acosta et al. 5) developed the mathematical model to represent the fluid flow in a ceramic foam filter used for the molten metal filtration. The results indicated that the specific permeability was strongly dependent on the pore size distribution. Nielsen et al. 6) used Kozeny-Carman's equation 7) in order to measure the mushy zone permeability for Al-Cu alloys with the globular microstructure. But the result was considerably scattered due to the coarsening of the microstructure during the experiments, which made it difficult to evaluate specific surface area of solid, related to permeability. Moreover, the microstructure evolution was uncertain.
Most of literature reviews [8] [9] [10] [11] are on the experimental design still leading to simultaneous solid-liquid movement. From these studies, permeability of liquid through solid network is not estimated reasonably. Hence, in this work, molten metal flow through the solid network were investigated using a filtration system. In particular, liquid movement both in dendritic network and globular solid structure is discussed in the present study. This is a basic research giving the data base on liquid fluidity for semi-solid processing and solidification of aluminum alloys in the final stage. Table 1 shows the chemical composition of experimental material: AC4CH with 7 mass% silicon. The experimental apparatuses, which were used to measure the flow of liquid for Al-Si alloys are shown in Fig. 1 . Melting unit is composed of stainless steel crucibles, a removable tundish, a ceramic foam filter for passing metal and a reservoir for the dropped metal. Stainless steel crucible consists of two parts. One is the internal crucible with 35 mm in inside diameter and 45 mm in outside diameter to hold the molten sample during experiment. The other is the external crucible of 85 mm in outside diameter with the shutter and filter at the bottom. Since the atmosphere in the tundish is controlled, the oxide films and dross are easily removed, and solid particle sizes are expected to become fine during flowing throughout the nozzle. Metal pouring temperature of 903 K was measured directly in the molten metal within resistance furnace. Figure 1(b) shows the apparatus at pressurization stage. The tundish was removed and crucible lid is placed instead of the tundish. The sample and the stainless crucible were lifted up to get stable temperature. The variation of solid morphology was investigated in two cases of dendrite and rounded structure at the fraction of solid varying in the range of 0 to 0.55 before the eutectic reaction. Three kinds of ceramic foam filters were used, in which pore number is 10, 20 and 30 PPI (pore per linear inch) 12) and these correspond to the fraction of pore of 0.51, 0.45 and 0.43 (to the normal to flow direction), respectively. A filter with 35 mm in diameter and 22 mm in thickness is covered by the sheath to prevent the lateral metal flow. Figure 2 shows the heat profile and the relationship between a pressurization and a heating time for different solid phase morphologies of dendrite and globular phase. In the case of globular structure of slurry, the alloy AC4CH of about 80 g was melted in the tundish, and then dropped into the stainless crucible at 903 K via lifting up the stopper. The turbulent flow of the melt through the nozzle and the following solidification provided the globular structure in the semi-solid state. Then, the stainless crucibles were lifted up and the sample within the stainless crucible was reheated to the test temperature (858, 869, 877, 883, 888 and 895 K) between liquidus (892 K) and solidus (850 K) under an argon atmosphere, and held isothermally for 1800 s. The measured temperature of slurry within crucible was converted to the fraction of solid using Scheil's equation. After temperature leading to stable solid morphology was obtained in the slurry metal, the shutter was removed and argon gas of 0.50 MPa was applied from the top on the slurry for 60 s, causing the melt flow through the mushy zone and the filtration into reservoir. The pressurizing time is varied during 5 to 60 s with fraction of solid of 0.30 for the sample group for the study of pressurizing time dependence. Filtrated metal was weighed and permeability calculated using Darcy's equation. Finally, the crucible and sample left on the filter were quenched to a room temperature by a tap water with cooling rate of 5.5 K/s.
Experimental Design and Procedure

Experimental design
Control of solid phase morphology
In the case of the dendrite structure of slurry, the sample was maintained in the liquid state of 903 K. Then the sample within crucible was cooled to the test temperature (858, 869, 877, 883, 888 and 895 K) of the mushy zone with the rate of 5 K/s. Solidification without any vibration and turbulence yields a dendrite structure. The slurry is held on the isothermal temperature for 1800 s, although the coarsening phenomena may go on. Finally, the shutter is removed, the argon gas applied to the molten sample and the crucible quenched by the tap water. Figure 3 shows the typical solid morphology of the slurry at the fraction of solid of 0.30 without the pressurization. The growth of a dendrite structure is seen with the secondary dendrite. For the globular structure, it appears that grain grows and aggregation of grains occur during the experiment.
Calculation of the permeability
The convection of interdendritic liquid in solidifying alloys is responsible for many types of macro-segregation, in which liquid flowability in solid network is estimated using Darcy's law. Liquid flowability in solid network, i.e. permeability is calculated by Darcy's equation with measured pressure as follows: 13, 14) k
where k is permeability; Q, slurry flow rate; , viscosity (10 À3 PaÁs 15) for molten aluminum); Áx, length of filter medium or slurry thickness; A, crucible cross section area and ÁP, pressure difference. This equation was applied for both the filtration mechanism of a cake and a depth filtration as shown in Fig. 4 . We call ''cake filtration'', where the collected primary phase form a coherent cake on the filter surface and the initial slurry thickness was regarded as Áx in eq. (1). In another way, the primary particles are entrapped inside the filter called ''depth filtration''. In this case, the cross section area, (A) is changed as described later in the paragraph 3.2. In the present study, flow through solid particles are a common phenomenon for both the cake and depth filtration, which can be treated by eq. (1) (1) is as follows; Áx is obtained by measuring the thickness of cake layer or the filter thickness as described later, A is obtained by calculating the cross section area of slurry metal with 35 mm in diameter, and Q is estimated from the increasing rate of filtrated metal weight.
Results and Discussion
Effect of pressurizing time on flow behavior
The experimental samples of the slurry were adjusted to the fraction of solid of 0.30. Each sample is squeezed by the argon gas pressure during 5 to 60 s. The filtrate weight ratio, namely the ratio of the weight of filtrated metal to the reservoir to that of initial slurry metal were obtained for the fraction of solid 0.3. The result is indicated in Fig. 5 . The variation of the curves reflect two stages during the pressurization. At the initial stage, a gauge pressure and the filtrate weight ratio are dependent on time. The highest gauge pressure appeared at the beginning of pressurizing and then it decreased with increasing time until 20 s. This region corresponds to the increase of filtrate weight ratio curve, suggesting that a liquid in the slurry mixture flows down through filter in this time. But the next is constant stage, where the filtrate weight ratio and gauge pressure is maintained nearly at 70% and 0.082 MPa, respectively. Since the fraction of solid is set at 0.3, filtrate weight ratio about 70% indicates that the primary solid particles in the slurry are entrapped by the filter.
The microstructures of the central part of samples obtained by pressurization are shown in Fig. 6 . In this case, no slurry was left on the filter after pressuring times of 20 s, so that no pictures are presented for cake layer on the filter after 20 s. Microstructure of slurry metal shows decreasing of liquid portion (increasing of primary solid portion) with increasing time. Moreover, from the series of slurry metal microstructure, primary particles coarsened during quenching. On the other hand, filtrated metal shows the finer grain structure with pressurizing time due to the rapid cooling rate in the reservoir. Figure 7 shows the calculated permeability using Darcy's equation for slurry processing both the dendrite and globular structure (pressurizing for 60 s). The case of globular structure shows the depth filtration at low fraction of solid (0 to 0.33, which is schematically drawn as case (I) and (II) in Fig. 8 ) because isolated small solid particles were easily filtrated and not left on the filter. For this case, crucible cross section area, (A) in eq. (1) is replaced to the effective area, ("A) of the filter, and the thickness of filter, (Áx) is utilized. So the permeability of this case is obtained for the slurry movement in the filter pore. For the case of the fraction of solid more than 0.33 with the globular structure (case (V) in Fig. 8 ), solid particles aggregated on the filter and cake filtration prevails throughout the process. For this volume fraction, only melt in the slurry moves through the globular solid network. Thus, Áx will be replaced from the length of filter medium to cake layer thickness, i.e. the slurry thickness in eq. (1), and A is used for the cross section area. Between (II) and (V) stages, there is much difference of flow resistance, producing permeability gap near the fraction of solid 0.33 in the Fig. 7 . The permeability curve reflects two regions (depth and cake filtrations). For dendrite structure samples, the cake filtration is obtained at most cases of fractions of solid (in Fig. 8 case (III), (IV) and (V)). In these cases we can obtain permeability for liquid movement in the cake layer. Filtration condition of each stage, (I) to (V) shown in Fig. 7 is illustrated schematically in Fig. 8 : (I) globular structure at f s < 0:10; the solid particles in slurry metal are rather small in size, so most of slurry metal flows throughout the filter like liquid movement. (II) globular structure at f s from 0.10 to 0.33; the phase are coarsened partly in the slurry metal. Some of them are entrapped in the filter and then depth filtration is occurred during the pressurization. (III) dendrite structure at f s < 0:12; the dendrites in the slurry metal are not so many and isolated. Due to their imperfect and very weak structure, they are easily broken off during pressurization. However, dendritic structure still aggregated on the filter due to interlocking of dendrite branches. (IV) dendrite structure at f s from 0.12 to 0.40; coarsening of dendrite structures become remarkable in the slurry metal, which promotes the formation of the cake layer on the filter. (V) high fraction of solid with the formation of the cake layer; the solid phases of both the dendritic and globular structure in the slurry metal contact closely with each other to form the cake layer like the pack bed. There are no solid phases captured in the filter and only liquid phase is allowed to flow through solid network. At low fraction of solid, permeability depends strongly upon the solid phase morphology even though two types filtration are concerned as shown in Fig. 4 i.e. the lower permeability for dendrite structure due to large friction. Otherwise at high fraction of solid, permeability in the case of globular structure becomes the value almost equal to that of dendrite structure, because solid particles form the intertwined structure at high fraction of solid. In addition, we found that the fraction of solid for slurry metal with globular structure becomes higher value during the experiment. But the slurry metal with dendritic structure shows the skeletonlike without densification. This result is unique one different from the previous study, 3) in the point that there is increase of solid particles with flowout of liquid during the present experiment. We presume that difference of experimental conditions produces difference of the permeability values between the present result and previous one.
Effect of solid phase morphology on permeability
The microstructure of pressurized samples with globular structure is shown in Fig. 9 . At low fraction of solid, porosities and coarsening particles are found out in slurry metal (cake layer) due to the high temperature. For the filtrated metal with fraction of solid 0.35, solid particles grow because of high temperature and low cooling rate. At high fraction of solid, the microstructure in slurry metal shows densification, however, filtrated metal shows the finer grain size.
The structures for the case of slurry with dendrite are shown in Fig. 10 . For lower fraction of solid, a secondary and primary dendrite arm are observed to be collapsed, and no connection of each dendrite is found out. At high fraction of solid, on the other hand, no primary and secondary dendrite collapsed, and some dendrite arms are connected.
Effect of filter pore size on permeability
To clarify the effect of filter pore size on permeability, pore number of 10, 20 and 30 PPI are used for the slurry with globular structure. Permeability is related to the fraction of solid for every filter pore number in almost the same manner as shown in Fig. 11 . In addition, most of pressurized samples indicate formation of cake filtration with fraction of solid more than 0.33. It is evident that the solid particles for this case act as the network on each filter during pressurization. As in Fig. 7 , here also permeability curves are discriminated in the two regions of depth and cake filtration. In general, a larger filter pore size yields a higher permeability (in Fig. 11 ). This result is for the filter pore number of 20 and 30 PPI in the figure. But in the case of 10 PPI, the reverse results are obtained due to influence of void and open channel, which are the flow path of gas during pressurization throughout the filter as shown in Fig. 12(a) . So the result in the case of 10 PPI is not included in Fig. 11 . This result is unique one different from the experiments by water and gas filtration without solidification. 4, 16) However, the pressurized samples using the filter pore nuber of 20 and 30 PPI form the cake layer on the filter surface without open channels as shown in Figs. 12(b) and (c).
Conclusion
Basic experiments are carried out to obtain the permeability of semi-solid aluminum alloys using ceramic foam filter. The results are obtained as follows:
(1) Variation of solid morphology of semi-solid slurry has a large influence on permeability value under the same fraction of solid. (2) In the case of slurry with globular structure, depth filtration is observed for low fraction of solid 0:33. Cake filtration is observed for high fraction of solid >0:33. (3) In the case of slurry with dendrite structure, cake filtration mechanism is observed for most fractions of solid. Permeability values for depth filtration of globular structure are higher than those for cake filtration of dendritic structure. (4) Permeability of both the semi-solid slurry movement in the filter and liquid flow through the solid network in the cake layer is estimated reasonably by the present method. 
